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EDITORIAL REVIEW
Structure and function of the inner medullary collecting duct
The inner medullary collecting duct (IMCD) constitutes the
terminal portion of the collecting duct. It is a direct continuation
of the outer medullary collecting duct (OMCD) and extends
from the boundary between the outer and inner medulla to the
tip of the papilla. The IMCD is often referred to as the
"papillary collecting duct." However, since only the inner
two-thirds of the IMCD are located in the papilla and because of
recent evidence for axial heterogeneity along the IMCD, the
expression the "papillary collecting duct" is confusing and
should be avoided when referring to the IMCD.
Until recently the IMCD was considered to be one segment
that was homogeneous along its length with respect to its
functional properties. However, because of morphologic differ-
ences observed along the IMCD and in order to facilitate the
description of structural as well as functional parameters, we
have recently proposed to subdivide the IMCD into three
portions and use the following nomenclature: outer third (IMCD1),
middle third (IMCD2), and inner third (IMCD3) [1, 2]. These are
arbitrary subdivisions. The changes along the IMCD are grad-
ual and there are no abrupt transitions between the three
segments. There is now evidence from physiologic studies that
the IMCD consists of at least two functionally distinct segments
which have been termed the initial IMCD and the terminal
IMCD [3]. As illustrated in Figure 1, the initial IMCD is the
outer portion corresponding to the IMCD1, whereas the termi-
nal IMCD is located in the papilla and corresponds to the
IMCD2 and IMCD3.
The present review will focus on the differences that exist
along the IMCD with respect to both structure and function,
and attempt to establish a subsegmentation that is consistent
with structural as well as functional properties.
Structure
The IMCD measures approximately 5 mm in length in the rat,
6 mm in the rabbit, and is considerably longer in the human
kidney. During their course through the inner medulla, the
collecting ducts undergo successive fusions which give rise to
fewer tubules with larger diameters and taller cells. The final
ducts, the ducts of Bellini, open on the tip of the papilla forming
the area cribrosa. There are considerable species differences
with respect to the number of fusions, the size of the collecting
ducts, and the height of the cells [4]. In a quantitative analysis
of the renal medulla, Knepper and his colleagues [5] demon-
strated significant differences between the IMCD of rats and
rabbits. In the rabbit (Fig. 2) there is a gradual increase in
diameter and a decrease in the number of collecting ducts
throughout the inner medulla, and the height of the cells
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increases from approximately 8 to 10 pm at the border between
the outer and inner medulla to approximately 50 m near the
papillary tip where they fuse to form the ducts of Bellini. The
height of the cells is even greater in the ducts of Bellini, which
have an epithelium similar to that covering the tip of the papilla
[5, 6]. Similar changes in the number of collecting ducts and the
thickness of the epithelium have been reported in the inner
medulla of the hamster [7]. However, in the rat (Fig. 3) the
number and diameter of collecting ducts remain nearly constant
through the outer half of the inner medulla, and fusions between
collecting ducts occur mainly in the innermost portion of the
papilla [5]. There are no changes in cell height in the outer third
of the IMCD of the rat. However, in the terminal two-thirds of
the IMCD there is a gradual increase in the thickness of the
epithelium from approximately 6 m in the outer portion to
approximately 15 m at the papillary tip [5].Ducts of Bellini are
observed only at the tip of the papilla in the rat.
On sections through the human papilla two morphologically
distinct configurations of the collecting ducts are apparent, one
with the characteristic appearance of the IMCD and consisting
of cuboidal cells, and the other composed of tall columnar cells
and probably representing the ducts of Bellini (Fig. 4.) Ducts
with tall epithelium are not observed in the outer third of the
inner medulla. In the papilla the ducts with lower epithelium
continue into those with tall epithelium and there is an abrupt
transition between the two. The ratio of ducts with tall epithe-
hum to those with lower epithelium increases towards the
papillary tip where only ducts of Bellini are present.
IMCD1 (initial IMCD)
In the rat and mouse the IMCD1 is composed of both
principal cells and intercalated cells, whereas the IMCD1 of the
rabbit consists of principal cells only [6, 8]. In the rat, interca-
lated cells constitute approximately 10% of the cells in the
IMCD1 [2, 9]. They are similar in ultrastructure to the interca-
lated cells in the OMCD, which are believed to be responsible
for hydrogen ion secretion in that segment. They have the type
A configuration, which is characterized by numerous tubulove-
sicular membrane structures in the apical cytoplasm and prom-
inent microprojections on the luminal surface (Fig. 5). These
cells are positive for carbonic anhydrase [10—12]. Principal cells
in the IMCD1 of both the rat [2, 13] (Fig. 6) and the rabbit [6]
(Fig. 7) are also similar in ultrastructure to those in the OMCD.
They have a light cytoplasm with relatively few cell organelles.
Small microprojections are present on the luminal surface, and
the basal plasma membrane exhibits short infoldings. Electron-
dense cytoplasmic bodies, probably representing lysosomes,
are commonly observed in the cytoplasm, but mitochondria are
sparse. Weak staining for carbonic anhydrase has been reported
in principal cells in the IMCD1 of the rat [10,12] and in all cells
in the IMCD of the rabbit [14, 15]. By scanning electron
microscopy two surface configurations are apparent in the
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Fig. 1. Schematic drawing illustrating the
subsegmentation of the inner medullary
collecting duct (IMCD). IMCD1, outer third of
the IMCD; IMCD2, middle third of the IMCD;
IMCD3, inner third of the IMCD. The IMCD1
corresponds to the initial IMCD. The IMCD2
and IMCD3 correspond to the terminal IMCD
and are located in the papillary portion of the
inner medulla.
Fig. 2. Light micrograph of the rabbit JMCD. The epithelium consists Fig. 3. Light micrograph of the rat IMCD. The epithelium consists of
of cuboidal cells with a light homogeneous cytoplasm, which is char- cuboidal cells which is characteristic of the early IMCD3 of the rat.
acteristic of the IMCD2 of the rabbit. Magnification x 770. Magnification X 770.
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Fig. 4. Light micrograph of the human inner medulla illustrating the
IMCD and a duct of Bellini. Asterisk denotes abrupt transition from the
cuboidal epithelium of the IMCD to the columnar epithelium of the duct
of Bellini. Magnification x 420.
IMCD1 of the rat [21 (Fig. 8). Intercalated cells are covered with
microplicae and principal cells have small sparse microvilli and
a single central cilium, similar to th cells of the OMCD. In the
rabbit all of the cells in the IMCD1 are covered with small
microvilli and a single cilium (Fig. 9), and they resemble
principal cells in the OMCD. Studies of the human kidney have
not attempted to distinguish between different portions of the
IMCD, and intercalated cells have not been described in the
human IMCD [16].
IMCD2 and IMCD3 (terminal IMCD)
The IMCD2 and IMCD3 are located in the papilla. As already
pointed out, there are no abrupt transitions between the three
subdivisions of the IMCD, and the IMCD2 includes a transition
region containing a mixture of principal cells and cells charac-
teristic of the IMCD2 and IMCD3. In both the rat (Fig. 10) and
the rabbit (Fig. 11) most of the IMCD2 and the entire IMCD3
consist of only one cell type which traditionally has been
considered to be a principal cell, but which we propose to call
the IMCD cell because of recent evidence that it represents a
functionally distinct cell type. The cells of the terminal IMCD
are negative for carbonic anhydrase in both rat [10—12] and
rabbit [14, 15]. By transmission electron microscopy the differ-
ence between IMCD cells and principal cells appears to be less
in the rabbit than the rat. The following description of the
IMCD cell in the rat is taken from Clapp et al [13, manuscript in
preparation] and is in general agreement with the results of
previous studies describing the ultrastructure of the IMCD in
the rat [17], rabbit [6, 8] and human [16].
The IMCD cells are considerably taller than the principal
cells and they increase in height as the IMCD descends toward
the papillary tip. They have a large round or oval nucleus
located basally in the cell, and a very light cytoplasm that is
almost devoid of organelles except for a variety of small- to
medium-sized electron-dense cytoplasmic bodies (Fig. 10). Some
of these bodies probably represent lysosomes and multivesicu-
lar bodies, while others resemble lipid inclusions. The cyto-
plasm is filled with free ribosomes, and small coated vesicles
with the appearance of clathrin vesicles are scattered through-
out the cytoplasm. The luminal membrane has short, stubby
microvilli that are more numerous than on the principal cells
and are covered with a prominent glycocalyx. Infoldings of the
basal plasma membrane are similar to those in the principal cell,
but appear to be even less prominent. Lateral intercellular
spaces are fairly extensive due to the height of the epithelium,
and many small lateral processes extend from the cells and
interlock with those from neighboring cells. By scanning elec-
tron microscopy the IMCD cells in the rat are covered with
small microvilli (Fig. 12) that are more numerous than those
observed on principal cells in the IMCD1. In addition, IMCD
cells lack the central cilium characteristic of principal cells.
Ciliated cells gradually disappear in the IMCD2 and are absent
in the IMCD3. In a previous study of the rabbit collecting duct,
the cells in the IMCD were reported to be different from
principal cells in the cortical collecting duct (CCD) and OMCD
[8]. However, by scanning electron microscopy the cells in the
IMCD1 are identical to those in the OMCD, whereas those in
most of the IMCD2 and the entire IMCD3 (Fig. 13) lack a central
cilium as described in the rat.
In the papillae of the human kidney two configurations of
collecting ducts can be identified by light rIiicroscopy, one
consisting of typical IMCD cells and another representing ducts
of Bellini and composed of tall columnar cells. The ultrastruc-
ture of the two cell configurations has not been examined and it
is not known if there are functional differences between the two
types of ducts. However, recent studies [18, 19] have demon-
strated that a population of IMCD cells is positive for band 3
protein, an anion transporter responsible for Cl /HC03 ex-
change, and it has also been reported that some cells in the
human IMCD are positive for carbonic anhydrase [20].
Freeze fracture studies of the medullary collecting duct have
revealed a gradual decrease in the degree of complexity of the
tight junctions from the OMCD to the IMCD3. In both the rat
and the rabbit there is a reduction in both the number of strands
and the depth of the tight junctions as the collecting duct
descends througn the inner medulla [21]. This is in agreement
with the results of tracer studies demonstrating that the elec-
tron-dense tracer lanthanum does not penetrate the tight junc-
tions of the CCID and OMCD, whereas the tight junctions of the
IMCD are permeable to lanthanum [22].
Structural-functional relationships
Traditionally, direct studies of the functional properties of the
IMCD have been performed by perfusion of the IMCD in the
isolated rat papilla [23, 24], by in vivo micropuncture of the
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Fig. 7. Transmission electron micrograph of principal cell from rabbit IMCD1. The cell has a light homogeneous cytoplasm with few organelles.
The luminal plasma membrane is fairly smooth with small sparse microprojections. Magnification x 8000.
IMCD in the exposed rat papilla [25, 261 or by in vivo micro-
catheterization from the papillary tip through a duct of Bellini
[27, 28]. Using these techniques it has been established that
large amounts of urea, sodium chloride, and water are reab-
sorbed by the IMCD in anti-diuretic conditions [4]. However,
all of the above methods are subject to possible errors due to
the branching of the IMCD, which makes it difficult to establish
with certainty the origin of the collected fluid. The isolated
perfused tubule technique was developed to study individual
nephron segments. Until recently this technique had been used
in only two studies of the IMCD [29, 301 because of technical
difficulties with the microdissection of this portion of the
collecting duct. However, recently Sands and Knepper [31]
have developed an improved method to microdissect and
perfuse individual segments of the IMCD from both rats and
rabbits. Using this technique these investigators have demon-
strated that significant functional heterogeneity exists along the
IMCD of both rat and rabbit [3, 31, 32].
Osmotic water permeability
The IMCD is under the influence of antidiuretic hormone
(ADH) which increases osmotic water permeability in the entire
collecting duct [33, 34] and causes the formation of a concen-
trated urine. Significant differences have been demonstrated
between the initial (IMCD1) and the terminal (IMCD2 and
IMCD3) portions of the IMCD with respect to water permeabil-
ity. In the absence of vasopressin the IMCD1 is impermeable to
water like the CCD and OMCD, whereas the IMCD2 and
IMCD3 exhibit significant and similar permeabilities to water
[32]. Consequently, the existence of a transepithelial osmolality
gradient causes substantial reabsorption of water in the terminal
IMCD during water diuresis. In the presence of vasopressin
there is a significant increase in osmotic water permeability in
all segments of the collecting duct, including the initial and
terminal IMCD [32]. Morphologic studies have demonstrated
that administration of vasopressin to rats with hereditary dia-
betes insipidus causes a widening of lateral intercellular spaces
in the IMCD, indicating that vasopressin-induced water flow
through the cells occurs at least in part via the intercellular
spaces [35]. Freeze fracture electron microscopy has revealed
that administration of vasopressin to rats with hereditary dia-
betes insipidus is associated with an increase in intramembrane
particle aggregates in the luminal membrane of the papillary
collecting duct [36, 371. Similar intramembrane particle aggre-
gates have been described in the apical membrane of the toad
urinary bladder following exposure to vasopressin [38]. It is
believed that the particle aggregates represent water channels
that are being inserted into the luminal membrane in response to
vasopressin [39]. Transmission electron microscopy of thin
sections has revealed the presence of coated pits in the luminal
plasma membrane of principal cells corresponding to the loca-
tion of intramembrane particle clusters [40]. However, a func-
tional relationship between coated pits and the particle clusters
remains to be established. Intramembrane particle clusters are
1
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Fig. 8. Scanning electron micrograph illustrating the luminal surface of the rat IMCD1. Principal cells have microvilli and a single central cilium.
Intercalated cells are covered with numerous microprojections consisting of microplicae and a few microvilli. Magnification x 9000.
rare at the tip of the papilla suggesting the possibility that the
most distal portion of the collecting duct, which includes the
duct of Bellini, may not be responsive to ADH 141].
Urea permeability
Urea plays an important role in the urine concentrating
mechanism. It is absorbed from the IMCD and accumulates in
the inner medullary interstitium, where it is necessary for the
maintenance of a hypertonic inner medulla and is a prerequisite
for the passive model of the countercurrent mechanism [421.
Both micropuncture and microcatheterization studies have de-
monstrated that large amounts of urea are absorbed in the
IMCD [43, 44]. Permeability studies in the rat have demon-
strated that passive urea permeability is high and stimulated by
vasopressin [24, 30]. However, permeability studies of the
isolated perfused rabbit IMCD [291 revealed that urea perme-
ability was much lower than in the rat, a finding that was not
compatible with the role of urea in the passive model of the
countercurrent mechanism. Recently, Sands and Knepper [31]
have determined the urea permeability of the IMCD1, IMCD2
and IMCD3 of both the rat and rabbit and found significant
differences between the initial IMCD (IMCD1) and the terminal
IMCD (IMCD2 and IMCD3), Urea permeability was low in the
IMCD1 and similar to that in the OMCD, whereas urea perme-
ability was high in both the IMCD2 and IMCD3 of both species.
Vasopressin caused a significant increase in urea permeability
in the terminal IMCD of the rat, but had no effect on urea
permeability in the initial IMCD [321. Thus the low permeability
previously reported in the IMCD of the rabbit most likely
represented measurements from the IMCD1. The demonstrated
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Fig. 9. Scanning electron micrograph illustrating the luminal surface of the rabbit IMCD1. Only one surface configuration is present. The cells
are covered with tiny microvilli and have a single central cilium. Magnification X 11,000.
heterogeneity in urea permeability in the IMCD plays an
important role in establishing a high osmolality in the papilla,
because the low permeability in the initial IMCD prevents urea
from diffusing out until it reaches the deepest portion of the
inner medulla, where the effective blood flow is lowest and the
countercurrent exchange most effective. Phloretin, an inhibitor
of carrier-mediated urea transport, has been found to inhibit
both basal and vasopressin-stimulated urea permeability with-
out having any effect on water permeability. These observa-
tions suggest that urea channels and water channels are sepa-
rate entities [45].
There is convincing evidence that the effect of vasopressin on
water and urea permeability in the IMCD is mediated by cyclic
AMP. Biochemical studies have demonstrated that vasopressin
stimulates adenylate cyclase activity in isolated segments of the
IMCD [46] as well as in papillary collecting duct cells in culture
[47]. The IMCD is also an important site of prostaglandin E2
(PGE2) synthesis in the kidney [48, 491. The function of
prostaglandins in the inner medulla is not known with certainty
[50]. There is evidence that PGE2 interferes with vasopressin-
stimulated water flow in the IMCD without having any effect on
vasopressin-stimulated adenylate cyclase activity [46, 47].
Electrolyte permeability
Active reabsorption of sodium and chloride has been demon-
strated in the IMCD under normal conditions and in water
diuresis using both the microcatheterization technique [28, 51]
and direct papillary micropuncture [26, 52—55]. However, under
conditions of increased sodium intake and extracellular volume
expansion the two techniques have revealed conflicting results
[56]. Microcatheterization studies [28, 51] in sodium chloride
loaded animals showed no reabsorption of sodium in the IMCD,
irxflL":— 1'Ir-
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Fig. 10. Transmission electron micrograph of IMCD cell from the deep IMCD2 of the rat. The cell has a light cytoplasm with few cell organelles
and numerous ribosomes. Many small stubby microvilli are present on the apical membrane. Magnification )( 12,500.
whereas papillary micropuncture revealed significant reabsorp-
tion of both sodium [26, 52] and chloride [53] in this segment.
The possible reasons for this discrepancy have been discussed
in detail in a review by Jamison and Hall [56]. A recent study
has analyzed the role of sodium chloride absorption by the
IMCD in the urine concentrating process using a mathematical
modeling technique [57]. The results of this analysis suggest
that active sodium chloride absorption from the IMCD is
important for efficient conservation of sodium chloride, but has
little effect on the concentration of solutes in the inner medulla.
This conclusion is in agreement with results of previous studies
by Schmidt-Nielsen, Gravis and Roth [58]. These investigators
found that removal of water and addition of urea were the most
important factors raising the osmolality in the inner medulla,
while the addition of sodium chloride played a minor role.
Studies in the isolated perfused rabbit IMCD have demon-
strated a relatively high permeability to potassium [301. How-
ever, it is not clear whether or not potassium is transported by
the IMCD under normal conditions, although microcatheteriza-
tion experiments have revealed potassium secretion in the
IMCD [59]. There is evidence from micropuncture studies that
potassium is reabsorbed by the IMCD in animals on a low
potassium or low sodium diet [261 and secreted by the IMCD in
potassium-adapted animals [60].
It is well established that potassium deficiency is associated
with morphologic as well as functional changes in the renal
medulla. After a few days on a low potassium diet there is an
accumulation of lysosome-like cytoplasmic bodies in the cells
of the renal papilla, including the IMCD cells [61, 62]. The
mechanism behind the development of these structures and
their functional significance are not known. In both man and
experimental animals potassium deficiency is accompanied by
an impaired urinary concentrating ability [63]. Determination of
vasopressin-stimulated adenylate cyclase activity in microdis-
sected IMCD segments has demonstrated an impaired response
to vasopressin in the IMCD of hypokalemic rats [64]. Whether
there is any relationship between the observed morphologic
changes and the impaired response to vasopressin in the IMCD
remains to be investigated.
There is increasing evidence that atrial natriuretic peptides
(ANP) have a major effect on sodium chloride and water
transport in the IMCD. The natriuresis and diuresis induced by
ANP is believed to be due to both alterations in renal hemody-
namic factors and changes in sodium transport in the IMCD.
Autoradiographic studies have demonstrated binding sites for
ANP in glomeruli and in the IMCD [65, 66]. In addition, there
is evidence from microcatheterization experiments that ANP
decrease the reabsorption of sodium in the IMCD [67]. Recent
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Fig. 11. Transmission electron micrograph of IMCD cells from the deep IMCD2 of the rabbit. The cells are columnar and have a light cytoplasm
with few cell organelles. Note the prominent intercellular space with lateral interlocking cell processes. Small microprojections are present on the
luminal surface. Magnification >< 11,200.
studies have demonstrated that ANP increase cyclic GMP
accumulation in papillary collecting duct cells in culture [68] as
well as in microdissected IMCD segments from rats [691,
suggesting that cyclic OMP is the second messenger for the
action of ANP in the IMCD. Further support for the role of
cyclic GMP as second messenger for ANP was provided in
studies examining the effect of ANP and cyclic GMP on
ouabain-sensitive oxygen consumption in IMCD cells in sus-
pension [70, 71]. Both ANP and cyclic GMP inhibited ouabain-
sensitive oxygen consumption, which was interpreted as an
inhibition of sodium entry into JMCD cells. Based on these
studies it was suggested that ANP regulate sodium transport in
the IMCD via the cyclic GMP pathway [70, 71]. Preliminary
studies in the isolated perfused terminal IMCD have now
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Fig. 12. Scanning electron micrograph illustrating the luminal surface of the rat IMCD2. The cells are covered with small microvilli. Occasional
cells possess a single cilium similar to those on the principal cells in the IMCD1. Magnification x 13,000.
revealed that ANP cause a significant decrease in vasopressin-
stimulated osmotic water permeability without any effect on
urea permeability [31.
Acidification
The IMCD is responsible for the final regulation of urine pH
and is believed to play an important role in urine acidification,
at least in the rat. Both microcatheterization [72—74] and
micropuncture techniques ]75—781 have demonstrated acidifica-
tion in the rat IMCD. Micropuncture of papillary collecting
ducts has revealed reabsorption of bicarbonate that could be
inhibited by acetazolamide [75, 76] and was sodium indepen-
dent [75]. Microcatheterization studies using pH microelec-
trodes to estimate in situ pH and analysis of collected fluid
samples have demonstrated a decrease in pH along the IMCD,
which was associated with ammonium secretion and to a minor
extent with bicarbonate reabsorption [73, 74]. In animals with
acute or chronic metabolic acidosis and in animals with acute
respiratory acidosis there was a significant increase in net acid
secretion, mainly in the form of ammonium ion [74, 79, 80].
However, a recent micropuncture study demonstrated an in-
crease in ammonia secretion in the IMCD without a significant
fall in pH along this segment in animals with chronic metabolic
acidosis [81].
There is evidence that intercalated cells are involved in
hydrogen ion secretion in both the OMCD [82] and the CCD
[83]. In the rat, intercalated cells that are similar in ultrastruc-
ture to those in the OMCD are present in the IMCD1. It is
therefore likely that the demonstrated acid secretion in the
IMCD is at least in part a function of the intercalated cells.
However, in both microcatheterization [72—74] and micropunc-
ture studies [75—78], acidification was observed in the papillary
portion of the collecting duct where intercalated cells are
absent, suggesting that the IMCD cells may also be capable of
hydrogen ion secretion. It is also possible that the collected
samples in both micropuncture and microcatheterization stud-
ies represent fluid derived from more proximal sites where
intercalated cells are present, because of fusion of individual
flak I-
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Fig. 13. Scanning electron micrograph illustrating the surface of Iwninal and lateral membranes of the rabbit IMCD3. The luminal membrane has
many small microvillj, but lacks a central cilium. Note lateral cell processes projecting into the lateral intercellular spaces. Magnification X 7000.
collecting ducts between collecting sites. A recent study has
examined the ability of isolated perfused segments of the rabbit
collecting duct to generate a pH gradient [84]. While the OMCD
was capable of generating a significant acid pH gradient that
was enhanced by a decrease in bath pH, the IMCD did not
generate a pH gradient. However, there is evidence that sus-
pensions of collecting duct cells from the rabbit papilla are
capable of hydrogen ion transport [85], again suggesting the
possibility that IMCD cells may be involved in acid secretion.
The mechanism of hydrogen ion secretion in the IMCD is not
known. There is evidence that hydrogen ion secretion in the
OMCD is an electrogenic process mediated by a proton trans-
locating ATPase [86, 87]. Recently a hydrogen ATPase has
been isolated from bovine [88] as well as rat [89] renal medulla.
Immunocytochemical studies [90] have demonstrated that anti-
bodies against bovine H-ATPase localize on tubulovesicular
structures and on the apical plasma membrane of intercalated
cells in the rat OMCD, thereby further supporting their involve-
ment in hydrogen ion secretion. It is likely that intercalated
cells in the IMCDJ of the rat secrete hydrogen ion by a similar
process. In the acid secreting intercalated cell the hydroxyl ion
generated by proton secretion is converted to bicarbonate
which is transported across the basal plasma membrane in
exchange for chloride via an anion transporter [91]. Recent
immunocytochemical studies have demonstrated that antibod-
ies directed against the erythrocyte membrane anion exchang-
er, band 3 protein, react with the basolateral membrane of the
intercalated cells in the OMCD of both rat [92] and rabbit [93] as
well as human [19], and the type A intercalated cells in the rat
CCD [92]. Intercalated cells in the rat IMCD1 were also positive
for band 3 protein (unpublished observation) confirming their
role in acid secretion. However, band 3 protein has not been
identified in IMCD cells in either rat or rabbit. In contrast,
recent studies have revealed a subpopulation of cells in the
human IMCD that reacts with antibodies against human eryth-
rocyte band 3 protein, indicating that this cell type may be
involved in acid secretion in the human kidney [18, 19]. The
ultrastructure of this cell has not been described and it remains
to be established whether it is an intercalated cell or represents
a specialized form of IMCD cell. It should be pointed out that
ATP-dependent proton transport has been demonstrated in
membrane vesicles isolated from the human renal medulla [94].
Biochemical studies [95] have demonstrated the presence of
an N-ethylmaleimide-sensitive ATPase in isolated segments of
the rat IMCD. No distinction was made between the initial and
terminal IMCD and there is no direct evidence for the presence
of a proton ATPase in the IMCD2 or IMCD3. However, a recent
study [96] has demonstrated sodium-independent acid secretion
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that could be inhibited by N-ethylmaleimide in rat papillary
collecting duct cells in culture, suggesting that a proton ATPase
may be involved in hydrogen ion secretion in the terminal
IMCD. There is also evidence for a sodium/hydrogen exchanger
in cultures of rat papillary collecting duct cells [96, 97], but its
functional significance remains to be established,
Conclusion
The IMCD is a heterogeneous segment with respect to both
structure and function. It can be subdivided into at least two
distinct subsegments. The initial IMCD (IMCD1) is located in
the outer third of the inner medulla. In the rabbit it consists of
only principal cells, whereas in the rat it has both principal and
intercalated cells, the latter comprising approximately 10% of
the cells in the IMCD1. The cells in the IMCD1 are similar in
ultrastructure to principal and intercalated cells in the OMCD.
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